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Electrospray mass spectrometry techniques were used to characterize components of the active
site in Endonuclease VIII by identifying the amino acid sequence and the binding site for a
tryptic peptide derived from Endo VIII in a cross-linked DNA–peptide complex. Endo VIII, a
DNA repair enzyme with both glycosylase and lyase activities, was covalently bound to a
thymidine glycol-containing oligodeoxynucleotide duplex by converting a transient Schiff
base formed during the course of the glycosylase activity to a stable covalent bond by chemical
reduction with sodium borohydride. After tryptic digestion of the initial product, the
identification of the cross-linked peptide was deduced initially from the molecular mass of the
tryptic product obtained by negative ion electrospray mass analysis. Nanospray tandem mass
spectrometry (MS/MS) analysis of the tryptic product corroborated the molecular mass of the
peptide fragment and verified the point of attachment to the oligomer, but failed to produce
sufficient fragmentation to sequence the peptide completely. Direct evidence for the amino
acid sequence of the peptide was obtained after enzymatic digestion of the DNA portion of the
cross-linked DNA–peptide product and analysis by negative ion nanospray MS/MS. Exami-
nation of the ions from collision induced fragmentation disclosed that this substance was the
N-terminal tryptic fragment of Endo VIII cross-linked to a portion of the oligomer, and that the
N-terminal proline from Endo VIII was covalently bound to the residual deoxyribose moiety
at the original location of the thymine glycol in the oligomer. (J Am Soc Mass Spectrom 2000,
11, 505–515) © 2000 American Society for Mass Spectrometry
Protein interactions with deoxyribonucleic acids(DNA) are fundamental to cellular biochemicalprocesses, and the ability to probe these interac-
tions using mass spectrometry has been made possible
by electrospray ionization (ESI) and matrix-assisted
laser desorption/ionization (MALDI) techniques [1].
Investigations of noncovalent protein–DNA complexes
have provided insights into binding stoichiometry and
structure [2–4], but provide little information on the
intermolecular nature of the binding. Other approaches
employ the introduction of a covalent bond between the
two biopolymers through photoactivation using UV
radiation [5] or by the stabilization of a transient cova-
lent bond formed in the course of enzyme catalysis [6].
During photoactivation, contact points between amino
acid and nucleic acid residues in the enzyme substrate
complex can produce non specific cross-links providing
a stable system for analysis. ESI/MS, ESI/MS/MS, and
MALDI techniques have been employed and, when
combined with proteolytic digestion, yield direct infor-
mation on binding domains and cross-linked sites
[7–10].
Introduction of stable cross-links in a site specific
manner can be used to identify individual amino acids
involved in the active site of an enzyme. One such
method (Scheme 1) capitalizes on the imine intermedi-
ate (Schiff base) that is formed when an amine moiety in
an enzyme (II) acts as the nucleophile during catalysis
forming a transient bond with an oligodeoxynucleotide
(I). Sodium borohydride or sodium cyanoborohydride
can be used to reduce the Schiff base intermediate (V)
thereby trapping the enzyme in the catalytic event.
DNA repair glycosylases with AP lyase activity have
been shown to react in this manner, and an amino
function located in the active site of the enzyme is the
nucleophile that initiates cleavage of the glycosidic
bond [6]. Other repair glycosylases that lack lyase
activity utilize a solvent molecule as a nucleophile to
release the damaged nucleobase, and consequently
these enzymes are not amenable to cross-linking using
this method. Identification of the location of the cross-
link in both the enzyme and the oligomer may aid in
determining the enzyme mechanism because the prob-
ability for a nonspecific amino function to react at the
active site while the repair enzyme is bound to the
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damaged DNA is low. Recently, the active nucleophile
for the FPG repair enzyme was identified successfully
when the enzyme was cross-linked to duplex DNA
containing a single 8-oxo-29-deoxyguanosine moiety
[11]. In addition, this method was employed in the
characterization of the cross-link between dehydroqui-
nase and its substrate [12] and more recently for the
repair function of pol b (Abstract MPI-218, The 47th
ASMS Conference on Mass Spectrometry and Allied
Topics, Dallas, TX, June 1999).
Endonuclease VIII repairs a variety of oxidized
nucleobases in DNA, including thymine glycol, and
acts as a DNA glycosylase with an AP lyase activity [13,
14]. We have employed the aforementioned method to
cross-link the Endo VIII enzyme to an oligodeoxynucle-
otide duplex containing a single thymidine glycol. Our
goal was to obtain direct MS/MS evidence for the
location of the cross-link in Endo VIII and to verify the
location of the cross-link in the damaged DNA strand.
This information would permit the identification of the
nucleophile in the active site of the enzyme during
cleavage of the thymidine glycol glycosidic bond.
Complementary oligonucleotides were synthesized
and thymidine glycol was introduced post synthetically
into one strand [15, 16]. The AP lyase function of the
enzyme was not involved in these experiments [17],
because the addition of sodium borohydride trapped
the enzyme after removal of the damaged base and
prior to cleavage of the 39- and 59-sugar phosphate
bonds. After initial purification, the cross-linked com-
plex was subjected to tryptic digestion. The single
strand oligonucleotide containing the tryptic fragment
was isolated by gel electrophoresis and high perfor-
mance liquid chromatography (HPLC) then analyzed
by ESI/MS and nanospray ESI/MS/MS techniques.
The sequence of the tryptic fragment covalently bound
to the DNA was deduced initially from the tryptic map
of the enzyme and the molecular mass data. A nuclease
digestion of the oligonucleotide in the cross-linked
complex and HPLC purification was necessary for
direct ESI/MS/MS determination of the amino acid
sequence of the tryptic fragment. The present work
extends the mass spectrometer techniques used to char-
acterize cross-linked DNA repair complexes and to
identify the active site amino acids by employing nano-
spray mass spectrometry and nanospray MS/MS tech-
niques.
Experimental
Reagents, chemicals, and enzymes were purchased
from Sigma-Aldrich (St. Louis, MO) unless specified.
All solvents were HPLC grade or better and obtained
from Fisher Scientific (Pittsburgh, PA).
Oligonucleotides
Oligonucleotide 23-mers, 59-ACAAGCGCAGTCAGCG
CAACACG-39 (23T) and its complementary strand (23
A) were synthesized on a Applied Biosystems 394
DNA/RNA Synthesizer (Applied Biosystems, Foster
City, CA) and purified according to published methods
[18]. Approximately 165 mg of purified 23T was allowed
to react with 2% osmium tetroxide and 5% pyridine in
water (100 mL) at room temperature for 30 min [15, 16].
Residual osmium tetroxide was extracted with chloro-
Scheme 1
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form, and the aqueous layer was dried on a vacuum
centrifuge (Savant Instruments, Farmingdale, NY). Pu-
rification of reaction products was accomplished using
a Waters 990 HPLC and a Novapak C8 reverse phase
column (Waters, Milford, MA). Acetonitrile was in-
creased linearly in the mobile phase (1 mL/min) from
3% to 18% in triethylammonium acetate buffer (50 mM,
pH 6.8) in 45 min. The collected product was further
purified by electrophoresis in a 0.4 mm 20% polyacryl-
amide gel containing 8 M urea. Oligonucleotides were
localized by UV shadowing, cut from the gel and eluted
with 1 mM tris-HCL (pH 8.0) and 0.1 mM ethylenedia-
minetetraacetic acid (EDTA).
Endonuclease VIII
The Endo VIII gene was amplified from E. coli strain
BL21 genomic DNA using Pfu polymerase (Stratagene,
La Jolla, CA) and primers based on a previously re-
ported Endo VIII sequence (GenBank accession
#U38616). The upstream primer contained a Nde I re-
striction enzyme recognition sequence and an ATG start
codon. The downstream primer contained a translation
stop codon and a Hind III recognition sequence. The
amplified fragment was digested with Nde I and Hind
III (New England Biolabs, Beverly, MA) and subcloned
into a Nde I, Hind III-digested pET24b expression
vector (Novagen, Madison, WI). The sequence was
verified using standard fluorescent DNA sequencing
techniques. A single clone was used to transform BL21
(DE3) cells. Cells were grown in TBY media and kana-
mycin at 37 °C for 3 h following isopropyl-b-D-thiogal-
actoside (IPTG) induction. Cells (10 g) were lyzed by
sonication in a 0.01 M Hepes buffer, pH 7.5, containing
1 M NaCl and lysozyme. Lysate was centrifuged for 30
min at 12,000 rpm, and the supernatant was collected
and precipitated with 30% polyethylene glycol (PEG).
The cell extract was resuspended in 0.01 M Hepes, pH
7.5, containing 0.15 M NaCl and applied to a HR-S-
Sepharose column (2.5 cm 3 15 cm, Amersham Phar-
macia Biotech, Pascataway, NJ) equilibrated with 0.01
Hepes, pH 7.5, 0.15 M NaCl, 2 mM dithiothreitol (DTT)
and 1 mM EDTA. Endo VIII was eluted with a linear
gradient containing 0.01 M Hepes, pH 7.5, and 0.15 to
0.5 M NaCl. Fractions containing Endo VIII were iden-
tified by SDS gel electrophoresis with Coomassie blue
staining. Concentrated fractions were applied to a
Sephacryl S-300 column (2.5 cm 3 120 cm, Amersham
Pharmacia Biotech) and Endo VIII was eluted with 0.01
Figure 1. Negative ion ESI mass spectrum of oligodeoxynucleotide 59-ACAAGCGCAGTgCAGCG-
CAACACG-39 containing a single thymidine glycol (Tg) moiety (molecular mass 7070.8 6 0.7). A
minor impurity caused by the spontaneous elimination of adenine is also found in the spectrum.
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M Hepes, pH 7.5, 0.5 M NaCl, 0.5 mM phenylmethyl-
sulfonyl fluoride (PMSF) and 2 mM DTT.
Cross-Linking of Endo VIII to a 23-mer Duplex
and Tryptic Digestion
For gel analysis of cross-linked products, 100 pmol of
the Tg-containing 23-mer was 59-end-labeled using T4
polynucleotide kinase (Boehringer Mannheim, India-
napolis, IN) and [g-32P] ATP (Amersham Pharmacia
Biotech). The labeled 23-mer was annealed to the com-
plementary strand by heating at 95 °C for 1 min, then
incubating at 37 °C for 10 min. Cross-linking was per-
formed using 40 nM duplex DNA and 320 nM enzyme
in a 12.5 mL reaction mixture containing 40 nM NaBH4,
25 mM sodium phosphate, pH 7.5, 5 mM KCl, and 0.2
mM EDTA. After 1 h at 37 °C 12.5 mL of SDS loading
buffer was added, and the temperature was raised to
95 °C for 5 min to terminate the reaction. Two control
experiments were performed using the same reaction
conditions, but deleting Endo VIII from one reaction
and sodium borohydride from the second. Substances
in the three reactions were analyzed by 12% discontin-
uous SDS-PAGE (Laemmli, UK).
Large scale preparation of the cross-linked complex
used 1.4 mM unlabeled duplex DNA and 5.45 mM Endo
VIII in a total volume of 8.4 mL containing 50 mM
NaBH4, 25 mM sodium phosphate, pH 8.0, 5 mM KCl,
and 0.2 mM EDTA. Reactions were incubated at 37 °C
for 1 h. The reaction mixture was dialyzed overnight
against 2 L of 0.12 M NaCl in 50 mM tris-HCl, pH 7.5,
and 1 mM EDTA; filtered through a 0.22 mm Millex-GV
membrane (Millipore, Bedford, MA); and loaded onto a
Porous HQ 4.6/50 column (PerSeptive Biosystems, Fra-
mingham, MA) equilibrated with dialysis buffer. The
column was washed with 5 mL of 0.12 M NaCl and
eluted with a gradient (40 mL) of 120–990 mM NaCl in
50 mM tris, pH 7.5, and 1 mM EDTA. One mL fractions
were collected, and products were monitored at 254 nm.
Aliquots from the fractions were subjected to 12%
discontinuous SDS-PAGE gel electrophoresis next to
known concentrations of Endo VIII. Gels were stained
with Coomassie blue, and the presence of the cross-
linked complex was indicated by the apparent increase
of the mass of the product.
Digestion of the cross-linked DNA-Endo VIII com-
plex was carried out in 20 mM tris-HCl, pH 7.5, 3.4 M
urea using a 1:6 (w/w) ratio of trypsin to Endo VIII.
Reactions were incubated overnight at 37 °C, and the
final volume was adjusted to 2 mL. The samples were
desalted using Centricon 3 columns (Millipore), dried,
resuspended in 10 mL of 10 M urea and heated to 95 °C
for 5 min. The DNA–peptide product was subjected to
electrophoresis through a 20% polyacrylamide–8 M
urea gel. Bands were located by UV shadowing, and the
product was eluted from the gel with 10 mM tris-HCl,
pH 7.5, and 1 mM EDTA.
Nuclease Digestion of the DNA–Peptide Cross-
linked Complex
Nuclease digestion was accomplished using approxi-
mately 13 mg of the DNA–peptide product, and a
control reaction was run with 20 mg of oligomer 23A.
Snake venom phosphodiesterasae (2.4 mL, 0.07 units,
Amersham Pharmacia Biotech) and bacterial alkaline
phosphatase (4.0 mL, 4.0 units, Amersham Pharmacia
Biotech) were employed using published procedures
[19]. Samples were purified on a Waters HPLC 990
system as described above using a C18 mBondapak
reverse phase column. In the mobile phase acetonitrile
was maintained at 0% for 2 min, then increased to 10%
in the next 20 min.
Mass Spectrometry
Experiments were performed on a Quattro LCZ (Micro-
mass, Beverly, MA) fitted with the normal electrospray
probe configuration or the nanospray source. Infusion
experiments were carried out with the sample diluted
to approximately 1 mM in 50% acetonitrile/water
(ACN/H2O) A syringe pump (Harvard Apparatus,
Figure 2. SDS-PAGE gel separation of the cross-linked DNA
protein product (lane 3) and substances in control reactions (lanes
1 and 2). For these reactions the products were heat denatured
prior to loading on the gel and only the Tg-containing oligode-
oxynucleotide was 59-end-labeled with 32P. Lane 1 shows only the
modified 23-mer found when Endo VIII was excluded from the
reaction mixture. Lane 2 shows an uncharacterized cleavage
product formed from the labeled 23-mer by the reaction of Endo
VIII with the oligodeoxynucleotide duplex with no NaBH4
present. Lane 3 shows the formation of a cross-linked product of
the labeled 23-mer and Endo VIII with all three substances present
in the reaction mixture.
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Natick, MA) was used to supply a constant flow of 50%
ACN/H2O at 5 mL/min. The instrument was operated
in the negative ion mode with the probe voltage set to
23.5 kV and the cone voltage set to 234 V. The source
temperature was set to 100 °C, whereas the desolvation
temperature was 150 °C. Nitrogen was used as the
drying and nebulization gas at 10 and 1.4 L/min,
respectively. The mass range m/z 300 to 1600 was
scanned in 5 s averaging several scans for each spec-
trum.
The nanospray source was used when limited
amounts of product were available for analysis. The
dried sample was diluted with 50% ACN/H2O and
approximately 10 mL was transferred to a capillary tube
(New Objective, Cambridge, MA.) and mounted in the
instrument. In some cases, a small positive pressure of
nitrogen was applied to the capillary tube to initiate
the spray. Then the pressure was reduced to a mini-
mum while still maintaining a stable beam. The
source block was set to 80 °C. The high voltage
applied to the capillary varied from 21.07 to 21.3 kV
in the negative ion mode and from 1.3 to 1.4 kV in the
positive ion mode. The cone voltage was optimized
for each experiment. Acquisitions in the mass spec-
trometry mode were scanned from m/z 300 to 1600 in
10 s. MS/MS experiments used argon at 4.3 3 1023
mbar in the collision cell for analysis of the DNA–
Figure 3. Negative ion ESI mass spectrum of the cross-linked DNA–peptide product (molecular
mass 7709.24 6 0.66). The spectrum also contains peaks from a minor impurity from the spontaneous
elimination of adenine.
Figure 4. (a) The amino acid sequence of Endo VIII. (b) Protein
analysis worksheet (PAWS) was used to calculate the mass of each
tryptic fragment from Endo VIII. (c) The same program also
identified four peptides within the amino acid sequence of Endo
VIII with predicted molecular mass of 796.6 6 0.7 Da.
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peptide product and 3.8 3 1024 mbar for the nucleo-
peptide product. The collision energy varied from 32
to 37 eV. The instrument was scanned from m/z 200 to
3000 Da or 150 to 1600 Da in 10 s depending on the
sample.
Results and Discussion
Analysis of the Thymidine Glycol Containing 23-
mer and the Formation of a Cross-link with Endo
VIII
Infusion of the purified osmium tetroxide treated oli-
godeoxynucleotide 59-ACAAGCGCAGTgCAGCCGA
ACACG 39, (23Tg) where Tg is the thymine glycol
moiety produced the mass spectrum shown in Figure 1.
There is no evidence of starting material at 7036.6 Da;
rather, the measured mass for the main product is
7070.8 6 0.7. This mass corresponds to the expected
value of 7070.7 Da for an oligodeoxynucleotide contain-
ing a single thymine glycol moiety. In addition, a small
amount of a depurinated product is evident in this
spectrum at 6936.2 6 1.3 Da and is due to the loss of
adenine from the dA-rich oligodeoxynucleotide. A
small portion of the 23Tg oligdeoxynucleotide was
end-labeled with 32P then annealed to the comple-
mentary strand (23A; observed mass 7053.8 6 0.7 Da,
calculated 7053.6 Da), and the duplex was allowed to
form a complex with Endonuclease VIII in the pres-
ence of sodium borohydride as outlined in the Exper-
imental section. The SDS gel showing the differential
migration of the cross-linked DNA–protein complex
and the labeled oligodeoxynucleotide is shown in
Figure 2.
The reaction was scaled up to obtain products for
mass spectrometer analysis using unlabeled oligomers,
and the cross-linked product was digested with trypsin
and gel purified as described. Each band was collected,
desalted by HPLC, and mass analyzed in the negative
ion mode with the conventional electrospray source
configuration. The lower band from this reaction mix-
ture corresponded to the complementary 23A oligonu-
cleotide (observed MW 7053.7 6 1.0, data not shown)
while the upper band was the cross-linked tryptic
product. The negative ion electrospray mass spectrum
of this product (Figure 3) reveals a distribution of ions
(A series) from 25 to 212 constituting the major
product. The observed mass (7709.2 6 0.7 Da) is 638
Da greater than the original Tg-containing oligomer.
A second group of ions (B series) is also present and
is lower in mass by 135 Da, again representing a small
amount of depurination that appears to be a facile
cleavage product. From this data, the mass of the
Figure 5. Product ion spectrum from the collision induced fragmentation of the negative molecular
ion m/z 1284 (z 5 26) from the DNA–peptide product achieved with the nanospray ESI source.
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peptide bound to the DNA can be deduced with
knowledge of the established mechanism by which a
DNA glycosylase such as Endo VIII repairs damaged
DNA [17]. Because the modified nucleobase (Tg) was
displaced at C19 of the deoxyribose by an amino
group of the enzyme with subsequent opening of the
deoxyribose ring and reduction of the Schiff base
(Scheme 1), the ring open form of the deoxyribose,
reduction of the double bond, and the loss of thymine
glycol must be incorporated in the calculation of the
residual peptide mass. Accordingly, the estimated
value of 796.6 6 0.7 Da is obtained for the tryptic
peptide.
Protein analysis worksheet (PAWS) was used to
provide the mass of the tryptic peptides from Endo VIII
and identify all contiguous amino acid sequences in the
primary Endo VIII sequence that have a molecular mass
of 796.6 6 0.7 Da (Figure 4). Four such peptides were
identified; however, only one of these peptides could be
produced by a tryptic digest of the protein, i.e., the
N-terminal 7-mer, PEGPEIR, and this is a probable
candidate for the peptide cross-linked to the modified
oligonucleotide.
Nanospray ESI/MS/MS Sequencing of the DNA–
Peptide Cross-linked Product
The nanospray interface was chosen in this instance
because of the limitation in the quantity of purified
sample and the need for relatively long analysis times.
Figure 5 shows the product ion spectrum from the
collision-induced dissociation (CID) of m/z 1284 (26
charge state) of the cross-linked DNA–peptide product
taken at 4.3 3 1023 mbar and 32 eV. Sequence specific
ions occurring in the spectrum include (an-Bn), Wn, and
Dn [20]. Table 1 shows the sequence ions obtained for
the (an-Bn) and Wn series ions. The data constitute an
overlapping series of fragment ions in different charge
states within a range of m/z values, in this case m/z 300
to 1900. The first 10 deoxynucleotides from the 59-
terminus are defined by the mass differences of the
(an-Bn) fragment ions [21] and correspond to the normal
deoxynucleotides in the oligomer sequence. Ions in the
three different charge states are required to cover this
range; verification of the fragment ion mass exists when
the ion is present in more than one charge state. In the
(an-Bn)
23 series, standard nucleotide mass additions
were observed from (a6-B6)
23 until (a11-B11)
23 which
help defined the deoxynucleotide sequence through
position 10 from the 59-terminus. The next ion in the
series, (a12-B12)
23, was present at m/z 1392.7 and exhib-
ited a nonstandard increase of 325.1 on the m/z scale.
After correcting for the charge state of the ion, the data
indicate that the moiety bound at position 11 in the
oligomer has a mass of 975.3 Da. Similarly, in the three
charge states of the Wn ion series masses for standard
deoxynucleotide additions are found from W1 through
W12. However, an addition of 976.8 Da appears at W13
23,
Table 1. Two different series of product ions in three charge states (21, 22, and 23) from the collision induced dissociation of the
cross-linked DNA–peptide complex provide data to determine the mass of the peptide and its position in the sequence in the
oligomer. An-Bn ions are used to sequence the oligomer from the 59-terminus, and Wn ions, from the 39-terminus. Both series of ions
extend through the peptide cross-link at position 11 in the deoxynucleotide sequence.
n
an-Bn type ions m/z Nucleotide
sequence
wn type ions m/z
n21 22 23 21 22 23
2 410 A
3 699 C
4 1012 505 A
5 1324 662 A
6 1653 825 553 G
7 971 NDa C
8 1135 757 G
9 1279 853 C
10 1436 957 A
11 1068 G
12 1393 X-PEP 1558 13
13 1489 C 1232 12
14 1593 A 1135 11
G 1549 1032 10
C 1384 922 9
C 1239 825 8
G 1095 7
A 1862 931 6
A 1549 774 5
C 1236 618 4
A 948 473 3
C 634 2
G 346 1
aND: not detected.
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indicating a nonstandard increase in mass at the 13th
deoxynucleotide from the 39-terminus. Both of the mass
values are in good agreement with the deduced mass of
the peptide moiety (796 Da) plus the mass of the
residual deoxyribose moiety (182 Da) found at position
11 in the oligodeoxynucleotide. The appearance of an
ion at m/z 794.6 in the CID spectrum (Figure 5) also
supports this finding and may be the cleaved peptide.
Interestingly, this ion can also be labeled according to
the terminology for peptide cleavage and ion formation
[22] as the Y-type ion generated by the cleavage of the
carbon–nitrogen bond at the cross-link to the oligonu-
cleotide. Although a few peptide Y-type ions were
identified in the spectrum, the series was incomplete,
and the sequence of the amino acids could not be
derived from this data. The positive ion ESI spectrum of
the cross-linked DNA–peptide complex did not yield
satisfactory data, and CID experiments were not at-
tempted. It appears that the phosphate moieties in the
oligodeoxynucleotide dominate the formation of multi-
ply charged molecular ions in the electrospray source,
and positively charged molecular ions are not readily
formed. Consequently, MS/MS characterization of the
cross-linked tryptic product revealed the mass of the
cross-linked peptide fragment and the site of the bind-
ing on the single strand oligodeoxynucleotide, but did
Figure 6. Reverse phase HPLC chromatogram of the products of
the enzymatic digestion (snake venom phosphodiesterase and
alkaline phosphatase) of the DNA–peptide cross-linked product.
Normal deoxynucleosides dC (RT 7.27 min), dG (RT 11.23 min),
and dA (RT 13.60 min) and an unknown product (RT 16.97) were
isolated.
Figure 7. Nanospray ESI mass spectrum of the unknown product of enzymatic digestion in the (a)
positive and (b) negative ion mode. A consistent molecular mass (1243 Da) from the singly charged
molecular ion was obtained from both spectra.
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not specify the sequence of the peptide or identity of the
amino acid involved in the cross-link.
Nuclease Digestion of DNA–Peptide Cross-linked
Product and Amino Acid Sequence Analysis of the
Product by Nanospray MS/MS
Unequivocal assignment of the amino acid sequence in
the DNA–peptide product and the location of the
cross-link in the peptide portion of the molecule was
accomplished by first digesting the DNA segment of the
product with snake venom phosphodiesterase and al-
kaline phosphatase. Figure 6 shows the HPLC chro-
matogram of the crude digest which contains peaks for
29-deoxycytidine (RT 7.27 min), 29-deoxyguanosine (RT
11.23 min), and 29-deoxyadenosine (RT 13.60 min) and
an unknown substance eluting at 16.97 min. Because the
last peak did not appear in a control sample in which
oligodeoxynucleotide 23A was substituted for the cross-
linked product and yielded the four normal de-
oxynucleotides, it was collected and analyzed by nano-
spray ESI/MS and ESI/MS/MS. The molecular weight
of this substance was determined to be 1243 Da (Figure
7, panels A and B) by both positive and negative ion
analysis. Surprisingly, the positive ion CID spectrum of
the doubly charged ion at m/z 622.5 did not provide
sufficient data for solving the structure of this product.
However, sequence specific fragment ions were found
in the negative ion CID spectrum of the doubly charged
molecular ion at m/z 620.8 (Figure 8). The carboxy-
terminus of this peptide was identified as an arginine
residue due to the significant ion at m/z 172 resulting
from a y-type cleavage. This amino acid was expected
because trypsin was used in the proteolytic digestion of
Endo VIII. Other y-type cleavages occurred producing
ions at m/z 286, 512, 569, and 698. Several internal acyl
cleavages created ions at m/z 240, 336, 397, and 620
(some overlap with the parent ion at m/z 621 may be
present), suggesting a partial amino acid sequence,
PEGPEI(L). The apparent absence of b-type ions sug-
gested that the peptide was blocked at the amino
terminus. A striking feature of this spectrum is the loss
of 80 Da from m/z 993 to generate the ion at m/z 913, and
this implies that a phosphate moiety or nucleotide is the
blocking agent. The N-terminal amino acid of the pep-
tide is blocked by a guanosine monophosphate and a
residual, ring-opened sugar from the original thymi-
dine glycol moiety. Initial cleavage of the glycosidic
bond results in the loss of guanine and provides the
ions at m/z at 1091 and 150, respectively. Subsequent
loss of phosphate and the sugar groups yield ions at m/z
993 and 913, and each of these ions also loses water, m/z
975 and 895, respectively. Details of the cleavage
through the phosphate and ring opened sugar are
Figure 8. Negative product ion mass spectrum obtained from the doubly charged molecular ion (m/z
621) of the unknown product of enzymatic degradation using nanospray ionization. Peptide fragment
ions and internal sequences that were identified are labeled above the mass of each peak.
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shown in Figure 9. At this point b-type ions were
assigned, and the final amino acid sequence of PEG-
PEI(L)R was determined. The calculated molecular
weight for this peptide (796.5 Da) agrees with the
molecular weight assignments made in the estimates
based on the molecular weight and the CID data
obtained for the DNA–peptide product. Differentiation
of leucine and isoleucine was not obtained, but the
results obtained from PAWS analysis indicate that
isoleucine is the correct amino acid.
Conclusion
A DNA–peptide product derived from Endonuclease
VIII containing a stable covalent bond was analyzed by
nanospray ESI/MS and ESI/MS/MS techniques. Data
on the amino acid sequence and point of attachment
show that the N-terminal proline was covalently bound
to residual elements of a thymidine glycol moiety from
the modified oligodeoxynucleotide. The N-terminal
proline contains the active nucleophile that attacks at
C19 releasing the thymine glycol moiety while forming
a transient Schiff base. The mechanism for Endo VIII is
consistent with that described for other repair enzymes
with both glycosylase and AP lyase activities [11, 17].
These results demonstrate that site specific cross-link-
ing between protein and DNA can give structural
details of the active site of an enzyme that random
cross-linking cannot provide. Nanospray ESI tech-
niques were essential to acquire MS/MS data on very
small quantities of the products.
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